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Let us consider the Lagrangian density
L (x) = ν(x)
(
iγµ∂µ − Mν
)
ν(x) , (1)
with
ν(x) =
[
νe(x)
νµ(x)
]
, Mν =
[
me meµ
meµ mµ
]
. (2)
This can be diagonalized thanks to the transformation:
νe(x) = ν1(x)cosθ +ν2(x)sinθ , (3)
νµ(x) = −ν1(x)sinθ +ν2(x)cosθ , (4)
with tan2θ = 2meµ/(mµ −me). νe and νµ are called fla-
vor fields while ν1 and ν2 are the mass fields. The masses
m1 and m2 are related to the original parameters as me =
m1 c2θ +m2 s
2
θ and mµ = m1s
2
θ +m2c
2
θ , with sθ ≡ sinθ and
cθ ≡ cosθ .
Now ν1 and ν2 can be expanded as ( j = 1,2)
ν j(x) =
1√
V ∑k,r
eik·x
[
urk, jαk, j e
−iωk, j t + vr−k, j β
r†
−k, j e
iωk, j t
]
.(5)
We can expand flavor fields in a similar way [1, 2]:
νσ (x) =
1√
V ∑k,r
eik·x
[
urk,σ αk,σ (t)e
−iωk,σ t
+ vr−k,σ β
r†
−k,σ (t)e
iωk,σ t
]
, σ = e,µ , (6)
whereωk,σ =
√|k|2+µ2σ and µσ are mass parameters which
have to be related with m1 and m2 by physical considerations
[3]. Flavor creation and creation and annihilation operators
have the general form [4]:
αrk,e
β r†−k,e
αrk,µ
β r†−k,µ
=

cθ ρke1 i cθ λ
k
e1 sθ ρ
k
e2 i sθ λ
k
e2
i cθ λk∗e1 cθ ρ
k∗
e1 i sθ λ
k∗
e2 sθ ρ
k∗
e2
−sθ ρkµ1 −i sθ λkµ1 cθ ρkµ2 i cθ λkµ2
−i sθ λk∗µ1 −sθ ρk∗µ1 i cθ λk∗µ2 cθ ρk∗µ2


αrk,1
β r†−k,1
αrk,2
β r†−k,2
.(7)
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Here ρkab = |ρkab|ei(ωk,a−ωk,b)t , λkab = |λkab|ei(ωk,a+ωk,b)t , and
|ρkab| ≡ cos
χa−χb
2
, |λkab| ≡ sin
χa−χb
2
,
χa ≡ cot−1
[
k
ma
]
, ma, mb = m1, m2, µe, µµ . (8)
We now show that definition of oscillating neutrino states of
Ref. [5] can be incorporated in this scheme. In fact, setting
µe = µµ = 0, one can define
|νrk,σ 〉m ≡ α†k,σ (0)|0〉1,2 , (9)
where |0〉1,2 is the mass vacuum, which is annihilated by
αrk, j, β
r
k, j. Explicitly, defining ρ
k
j ≡ cos χ j2 e−iωk, j t and λkj ≡
sin χ j2 e
iωk, j t , we get:[
|νrk,e〉m
|νrk,µ〉m
]
=
[
cθ |ρk1 | sθ |ρk2 |
−sθ |ρk1 | cθ |ρk2 |
] [
|νrk,1〉
|νrk,2〉
]
. (10)
|νrk, j〉 = αr,†k, j|0〉1,2 are the mass eigenstates. This definition
is actually identical to Eqs. (40),(41) of Ref. [5]. In the fol-
lowing we discuss such definition.
Adopting the choice of Ref.[5], we consider the limit
case meµ = 0, i.e. θ = 0 and then me = m1 and mµ = m2. In
that case, flavor fields are expanded as free fields (cf. Eq.(5)).
If we set θ = 0 in Eq.(7), with µe = µµ = 0, we get
αrk,e
β r†−k,e
αrk,µ
β r†−k,µ
=

ρk1 −iλk1 0 0
−iλk∗1 ρk∗1 0 0
0 0 ρk2 −iλk2
0 0 −iλk∗2 ρk∗2


αrk,1
β r†−k,1
αrk,2
β r†−k,2
 .(11)
This is not compatible with the expansion (5). The only
physical admissible representations are evidently those for
which limθ→0 µe =m1, limθ→0 µµ =m2 or limθ→0 µe =me,
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2limθ→0 µµ =mµ [6]. This can be also inferred looking at the
limit of neutrino states (9):
lim
θ→0
|νrk,σ 〉m = |ρkj | |νrk, j〉 , (12)
with (σ , j) = (e,1),(µ,2). This gives the expected result
(i.e. the normalized mass state) only if |ρkj | = 1, i.e. in the
trivial case m j→ 0 considered in Ref. [5].
The choice of mass vacuum as physical vacuum could
seem to be the most natural one, because it diagonalizes
the Hamiltonian associated to the Lagrangian (1), which is
the usual boundary condition to fix physical Fock space [7].
However, in the case of mixing the situation is much more
delicate [8]. To understand this point, consider a weak decay
W+ → e++ νe, which is associated with production or de-
tection process. The relevant part of the effective Standard
Model Lagrangian (after spontaneous symmetry breaking)
isLW =L0+Lint with
L0 = ν
(
iγµ∂ µ −Mν
)
ν + l
(
iγµ∂ µ −Ml
)
l ,
Lint =
g
2
√
2
[
W+µ ν γ
µ (1− γ5) l+h.c.
]
, (13)
where l = [e µ]T , and
Ml =
[
m˜e 0
0 m˜µ
]
. (14)
The Lagrangian (1) is just the neutrino part of L0, describ-
ing neutrino propagation. The entire Lagrangian LW is in-
variant under the global U(1) transformations ν→ eiαν and
l→ eiα l leading to the conservation of the total flavor charge
Qtotl corresponding to the lepton-number conservation [9].
This can be written in terms of the flavor charges for neutri-
nos and charged leptons
Qtotl = ∑
σ=e,µ
Qtotσ (t) , Q
tot
σ (t) = Qνσ (t)+Qσ , (15)
with
Qσ =
∫
d3x : l†σ (x)lσ (x) : , (16)
Qνσ (t) =
∫
d3x : ν†σ (x)νσ (x) : , σ = e,µ . (17)
Note that [L0(x, t),Qtotσ (t)] 6= 0. However, by observing that
[Lint(x, t),Qtotσ (t)] = 0, we see that a neutrino flavor state is
well defined in the production vertex as an eigenstate of the
corresponding flavor charge [10]. This corresponds to the
fact that flavor of a neutrino is defined by the flavor of the
associated charged lepton [11], i.e. when neutrinos are pro-
duced and detected “carry identity cards” [12], i.e. a defi-
nite flavor and “can surreptitiously change them if given the
right opportunity” [12]. i.e. during their propagation. The
oscillating neutrino states of Ref. [5], i.e. the states (9), spoil
the defining property of flavor states. We thus conclude that
the formalism of Ref. [5] leads to unphysical results.
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